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cytokines; chemokines; inflammation; gene regulation CYSTIC FIBROSIS (CF) is the most common fatal autosomal recessive disease in the U.S. and Europe, and is due to mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene (5, 9, 11, 15) . CF is characterized by a massive proinflammatory phenotype in the lung, due to the secretion of high levels of IL-8 and other proinflammatory cytokines and chemokines (1, 4, 6, 17, 18) . IL-8 is the most potent known chemotactic agent for neutrophils (18) and is hypersecreted from CF lung epithelial cells (4) . However, the CF-dependent proinflammatory molecular mechanisms in the CF airway remain poorly understood.
The expression of inflammatory genes is known to be regulated by diverse processes, including mRNA decay. In the case of CF lung epithelial cells in culture, which constitutively secrete high levels of IL-8, we have recently reported that high levels of IL-8 mRNA are sustained by mutation-dependent reduction in the AU-rich element (ARE) binding protein tristetraprolin (TTP) (2) . We found that elevation in TTP directly reduced the stability of IL-8 mRNA, as well as the level of secreted IL-8 protein. However, it remains clear that low levels of TTP might not be the only mechanism underpinning CF lung inflammation. For example, several previous studies have identified a function for MAPK signaling in regulating IL-8 mRNA stability in different cell types (13) . Moreover, TTP itself has been shown to coordinate with MAPK signaling pathways, as well as the proteasome, to regulate expression of TNF␣ (7) . Therefore, we hypothesized that MAPK signaling and proteasomal activity might also contribute, along with TTP, to dysregulation of IL-8 mRNA stability in CF lung epithelial cells.
We report here that IL-8 mRNA stability in CF lung epithelial cells is differentially regulated by MAPK pathways and proteasomal activity. Our approach has been to interrogate the state of IL-8 mRNA stability, and downstream IL-8 protein expression, in terms of the effects of pharmacological and molecular inhibitors of p38, ERK1/2, JNK, and the proteasome. Briefly, we find that the effects of these interventions on IL-8 expression depend on whether the ARE-interacting protein TTP has been permanently transfected into the CF cell. Furthermore, we find that only some interventions have equivalent effects in both IB3-1 and IB3-1-TTP cells. We find virtually identical results in CFBE cells, a different CF lung epithelial cell line. Based on these findings, we suggest that the mechanism by which CFTR mutations cause hyperinflammation in the CF airway may be due to aberrant regulation of IL-8 mRNA stability by a concerted mechanism involving active MAPK signaling.
MATERIALS AND METHODS
Reagents. LHC-8 media, MEM Alpha, FBS, Trypsin-EDTA (0.05% and 0.25%), and Lipofectamine transfection reagent were purchased from Invitrogen. Actinomycin D (ActD), puromycin, and protease inhibitor mixture were purchased from Sigma Chemical (St. Louis, MO). The pharmacological inhibitors of MAPK pathways, SB-203580, SP-600125, and U0126, as well as the proteasome inhibitor MG132, were obtained from EMD Chemicals (Gibbstown, NJ). RNA aqueous kit for isolation of RNA from CF cells was obtained from Ambion (Austin, TX). IL-8 ELISA kit and antibody against GAPDH were 6 cells) for p38-MAPK signaling pathway. RNA was isolated from IB3-1 and IB3-1-TTP cells after actinomycin D (5 g/ml) treatment for the indicated time intervals, and the remaining mRNA was analyzed by quantitative real-time PCR. The data reflect averages of at least 3 independent experiments (*P Ͻ 0.05 and **P Ͼ 0.05). C: IL-8 protein secreted by both cell types was analyzed by ELISA 16 h after transfection. D: the phospho-p38 protein levels were analyzed by Western blot. purchased from R&D Systems (Minneapolis, MN). Protein assay reagents were purchased from Bio-Rad Laboratories (Richmond, CA).
Cell culture and transfection. IB3-1 CF lung epithelial cells were maintained in LHC-8 serum-free medium in humidified 5% CO2 as previously described (8) . The IB3-1-TTP cells were similarly maintained in LHC-8 medium containing puromycin (0.5 g/ml). CFBE cells (obtained from J.P. Clancy, University of Alabama, Birmingham) were maintained in MEM Alpha medium (supplemented with 10% FBS) containing 2 g/ml puromycin in humidified 5% CO2. Transfections were performed using Lipofectamine Transfection reagent (Invitrogen).
Measurement of mRNA stability by qRT-PCR method. RNA was isolated from the cells, and mRNA expression levels were analyzed with qRT-PCR as described earlier (2) .
Statistical analysis. Statistical analysis was performed using Excel. Significance values (P Յ 0.05) were determined from Student's t-test, performed on the percent remaining IL-8 mRNA at 3 h. Error bars on graphs represent SE.
RESULTS

IL-8 gene expression in CF lung epithelial cells is modulated by regulation of p38-MAPK and downstream MK2 signaling pathways.
We have previously shown that both IL-8 mRNA and protein levels are high in IB3-1 cells compared with the [wild-type CFTR]-repaired control IB3-1/S9 cells, and that reduced mRNA decay directly contributes to high IL-8 expression in CF lung epithelial cells (2) . Since such posttranscriptional mechanisms are known to be regulated by MAPK signaling pathways, we hypothesized that the p38 and MK2 pathways might contribute to CF-dependent IL-8 mRNA stabilization. Figure 1A shows that enhanced degradation of IL-8 mRNA occurs when the IB3-1 CF lung epithelial cells are incubated either with the p38 inhibitor SB-203580 or if transiently transfected with dominant negatives of p38 (viz, p38-AGF) or MK2 (MK2-KR). It is known that p38 activates MK2 (20) . Therefore, whether the action of p38 inhibition is direct or through MK2 is not immediately evident from this experiment. However, MK2-EE, a constitutively active mutant of MK2, has only a partial effect on IL-8 mRNA stability. These data therefore strongly support the concept that IL-8 mRNA stability in CF cells is regulated by p38, as well as partially by the downstream MK2 signaling. By contrast, similar treatment of the IB3-1-TTP cells, stably expressing increased TTP protein, does not induce any significant additional instability of IL-8 mRNA (Fig. 1B) or the corresponding reduction in levels of IL-8 protein (Fig. 1C) . Thus it appears that TTP-dependent and p38/MK2-dependent mechanisms can equally destabilize IL-8 mRNA in CF lung epithelial cells. However, the p38/MK2 pathway cannot further destabilize the IL-8 mRNA once high levels of TTP are also constitutively present. SB-203580 effectively inhibits p38 phosphorylation in both IB3-1 and IB3-1-TTP cells as indicated in Fig. 1D .
Inhibition of ERK1/2 pathway reduces IL-8 mRNA stability in CF cells. Previous studies have shown that inhibition of the ERK1/2 pathway decreases IL-8 secretion from IB3-1 CF lung epithelial cells (3) . The mechanism of this effect has been shown to be independent of the NF-B signaling pathway. However, to delineate whether posttranscriptional mechanisms might be operative, we examined the effect of ERK1/2 pathway inhibition on IL-8 mRNA stability in CF cells. Figure 2A depicts that both the ERK1/2 inhibitor U0126 and the dominant negative ERK1/2 inhibitor Mnk-1 DN significantly diminish IL-8 mRNA stability in IB3-1 cells.
However, when the same interventions were tested in IB3-1 cells constitutively expressing TTP, Fig. 2B shows that no additional significant decreases in IL-8 mRNA stability could be observed. The corresponding IL-8 protein levels were also not reduced any further. We conclude that inhibition of ERK1/2 in IB3-1 cells causes IL-8 to become unstable. However, in IB3-1-TTP cells, where increased expression of TTP protein already promotes enhanced IL-8 mRNA decay (Fig. 2,  B and C) , inhibition of ERK1/2 does not cause further destabilization. Analyses of total protein obtained from a whole cell lysate indicate that incubation with U0126 effectively blocks ERK1/2 phosphorylation (Fig. 2D) .
JNK-1 and JNK-2 pathways have differential effects on IL-8 mRNA stability in CF lung epithelial cells. Inhibition of the JNK signaling pathway has been shown to reduce sodium 4-phenylbutyrate-induced IL-8 production (19) . Therefore, to examine the function of JNK pathway in regulating IL-8 expression in CF lung epithelial cells, we treated the cells with the JNK-2 inhibitor SP-600125. In addition, we transfected cells with the dominant negative mutants of JNK-1, MEK-7 and JNK-APF. As shown in Fig. 3A , inhibition of JNK-2 by SP-600125 had no effect on IL-8 mRNA stability. However, expression of both dominant negatives to JNK-1 caused significantly enhanced degradation of IL-8 mRNA. By contrast, when IB3-1-TTP cells were treated with SP-600125, IL-8 mRNA was stabilized to levels comparable to that observed in the parental IB3-1 CF cells with low endogenous levels of TTP (Fig. 3B) . Thus the inhibition of the JNK-2 pathway dominates over TTP function in the IB3-1-TTP cells. The corresponding IL-8 protein levels are depicted in Fig. 3C .
IL-8 mRNA stability exhibits a similar response to inhibition of MAPK signaling pathways.
The role of MAPK pathways in regulating IL-8 expression in IB3-1 CF lung epithelial cells was further examined in CFBE bronchial epithelial cells, another CF cell line (10) . As depicted in Fig. 4A , the data indicate that IL-8 mRNA is degraded at a slower rate with ϳ2.3-fold difference in half-life in CFBE cells (t 1/2 ϭ 339 min) compared with CFTR-repaired control HBE cells (t 1/2 ϭ 145 min). The corresponding IL-8 protein level also exhibits an approximately fourfold increase in CFBE cells compared with HBE control cells (Fig. 4B) . Thus both IL-8 mRNA and protein expression in CFBE cells follow a phenomenon similar to our previously published observation in IB3-1 CF cells compared with IB3-1/S9 control cells. Although the absolute half-lives are likely to vary between cells, the difference between cognate pairs is important for understanding associated mechanisms. Consistently, increased stability of IL-8 is observed in the various CF cell types as indicated in relative increase in the half-life for IL-8 mRNA for a specific CF cell type compared with a cognate control (2) .
To further demonstrate that the CFBE is functionally similar to IB3-1 cells with respect to regulation of IL-8 mRNA stability, we examined the effect of inhibition of MAPK signaling pathways on IL-8 mRNA decay in CFBE cells. As shown in Fig. 4C , inhibition of both p38 and ERK1/2 pathways promotes enhanced degradation of IL-8 mRNA in CFBE cells, similar to our findings in IB3-1 CF cells (Figs. 1A and 2A) . Additionally, inhibition of JNK-2 has no significant effect on A: RNA was isolated from CFBE and HBE cells after treatment with actinomycin D (10 g/ml) for the indicated time intervals. The remaining RNA was analyzed by quantitative real-time PCR and were normalized against that of control ␤-actin mRNA. The data (*P Ͻ 0.01) reflects averages of at least 3 independent experiments. B: IL-8 protein secreted by both cell types was analyzed by ELISA 16 h after transfection (P Ͻ 0.01). C: CFBE cells were treated with the chemical inhibitor SB-203580 (10 M), U0126 (10 M), or SP-600125 (10 M). RNA was isolated from CFBE cells after actinomycin D (10 g/ml) treatment for the indicated time intervals, and the remaining mRNA was analyzed by quantitative real-time PCR. The data reflect averages of at least 3 independent experiments (*P Ͻ 0.05 and **P Ͼ 0.05).
IL-8 mRNA stability in CFBE cells as was observed in IB3-1 CF cells (Fig. 3A) . Thus the function of MAPK pathways in the stabilization of IL-8 mRNA is a phenomenon observed in different CF lung epithelial cell lines.
MAPK pathways concertedly and differentially affect IL-8 mRNA stability. The MAPK pathways, p38, ERK1/2, and JNK, are known to converge on some common functions. Therefore, it is possible that in CF cells, these pathways might be dysfunctionally coordinated. As shown in Fig. 5A , the mixture of SB-203580 and U0126 maximally destabilizes IL-8 mRNA in IB3-1 cells. These levels are slightly lower than either inhibitor alone and are essentially identical to levels observed in untreated IB3-1-TTP cells. Thus these two pathways appear to act by different, non-overlapping processes on the IL-8 mRNA stability. However, as shown in Fig. 5B , adding these two inhibitors to IB3-1-TTP cells actually tends to enhance the TTP effect by slightly decreasing IL-8 mRNA stability. By contrast, the stabilization of IL-8 mRNA by SP-600125 alone is reversed by concurrent treatment with SB-203580 or U0126, or a combination of both. As depicted in Fig. 5B , similar cotreatment of IB3-1-TTP cells with the indicated combinations of MAPK inhibitors shows that the SP-600125-mediated suppression of TTP function could be overcome by concerted inhibition of the p38 and/or ERK1/2 pathways. The presence of elevated levels of TTP protein thus affects the function of the MAPK pathways on IL-8 mRNA stability.
Proteasome inhibition stabilizes IL-8 mRNA in CF lung epithelial cells. The cellular proteasome pathway is known to coordinate closely with the MAPK signaling pathways in regulating the expression of inflammatory genes (7). We therefore examined the function of the proteasome on IL-8 mRNA stability in CF lung epithelial cells. As shown in Fig. 6A , IL-8 mRNA does not undergo any significant change in stability upon inhibition of the proteasome pathway by MG-132. Moreover, to examine the coordination between the proteasome and the p38 as well as ERK1/2 MAPK signaling pathways, we treated MG-132-pretreated IB3-1 CF cells with the MAPK inhibitors alone or in combination. This was followed by actinomycin D treatment over time. As depicted in Fig. 6A , inhibiting MAPK pathways can overcome the effect of MG-132 and can reinduce instability of IL-8 mRNA. Similar observations were also established in CFBE cells as shown in Fig. 6B .
Additionally, treatment of IB3-1-TTP cells by MG-132 abrogates TTP-mediated destabilization of IL-8 mRNA (Fig.  6C) . However, cotreatment of these cells with SB-203580 or U0126 can relieve the inhibitory effect of MG-132 on TTP function, promoting destabilization of IL-8 mRNA to levels comparable to that with TTP alone (P Ͻ 0.001). Moreover, combined action of SB-203580 and U0126 on MG-132-treated IB3-1-TTP cells was effective in inducing IL-8 mRNA degradation at a rate faster (ϳ1.5-fold) than that induced by TTP alone.
DISCUSSION
These data lend further support to the concept that increased stability of IL-8 mRNA may contribute to the proinflammatory phenotype in the CF airway. We have previously shown that by increasing the aberrantly low levels of TTP in CF lung epithelial cells, we are able to lower the stability of IL-8 mRNA and IL-8 protein expression to near control levels (2). TTP is a destabilizing protein that binds to AREs in the 3=-UTR of the IL-8 mRNA. Here we show that MAPK signaling pathways may also contribute to regulation of IL-8 mRNA stability in CF cells.
The data in this paper indicate that constitutive activation of p38 and ERK1/2 signaling pathways in CF lung epithelial cells may concertedly contribute to the mechanism(s) by which IL-8 mRNA is significantly stabilized, and consequent IL-8 protein expression is increased. We summarize the entire system in Fig. 7 . This interpretation is supported by experiments in which both pharmacological inhibitors and recombinant, dominant negative mutants of different MAPKs can reduce CF-dependent IL-8 mRNA stability. In addition, our data further show that the TTP-enhanced CF cell responds to MAPK inhibition in different ways from the parental CF epithelial cell. In particular, inhibiting the JNK-2 system inhibits TTP-dependent decrease in IL-8 mRNA stability. Recent reports indicate that JNK function is required for TTP protein expression without affecting TTP mRNA levels (12) . Importantly, our studies have not shown a detectable change in TTP protein level upon SP-600125 treatment of the IB3-1-TTP cells (data not shown). However, inhibition of ERK1/2 or p38 actually suppresses this JNK-2 effect on TTP action in the IB3-1-TTP cell. By contrast, inhibition of either ERK1/2 or p38 has no significant effect themselves on TTP-dependent destabilization of IL-8 in the IB3-1-TTP cell. Finally, we have shown that the cellular proteasome coordinates with MAPK signaling pathways to regulate IL-8 expression in CF cells. These data thus lend support to our hypothesis that MAPK signaling and proteasomal activity might also contribute, along with TTP, to the proinflammatory phenotype in CF lung epithelial cells by modulating IL-8 mRNA stability and IL-8 protein expression.
The destabilizing effect of TTP on IL-8 mRNA in the CF cell is dependent on the interaction of TTP protein with AREs in the 3=-UTR (2). An important mechanistic question is whether the MAPKs act in the same manner. Earlier reports indicate that airway inflammation in CF is controlled by the p38-MAPK pathway (16, 21) . The stress-activated protein kinase p38 is known to drive MK2 (MAPKAPK-2) (20) . MK2 activity is known to reduce the half-lives of mRNAs for TNF␣ and IL-6 only if the AREs in the respective 3=-UTRs are also present (14) . Therefore, when p38 is inhibited by SB-203580, the action may be by inhibition of downstream MK2. To explore this question in more detail, we also inhibited MK2 with dominant negative MK2-KR. Consistently, this intervention resulted in the exact same effect as inhibiting p38: IL-8 stability was reduced in IB3-1 cells, but had no further effect on reduced IL-8 mRNA instability found in the IB3-1-TTP cells. It is therefore possible that p38 acts via MK2 and an as yet unknown further downstream signaling process to stabilize IL-8 mRNA in CF cells. The fact that inhibiting either p38 or MK2 fails to further destabilize IL-8 mRNA in IB3-1-TTP cells suggests that the downstream effects of the p38/MK2 system may act by a similar CF-specific ARE-interaction mechanism.
Due to the presence of similar AU-rich motifs in the 3=-UTR, both IL-8 and TNF␣ mRNA are regulated through similar posttranscriptional mechanisms by TTP (7). The regulation of TNF␣ mRNA stability by TTP in mouse macrophage cells has also been shown to occur via a proteasome-dependent mechanism involving MAPK signaling pathways (7). Consis- tently, we find that both the proteasome and the MAPK signaling pathways interplay to regulate IL-8 mRNA stability in the CF cells, albeit by different mechanisms. As expected and has been previously shown for other ARE-containing mRNAs (7) , inhibition of proteasome function in CF cells stabilized IL-8 mRNA. This effect was insensitive to, and dominant over, TTP function, as those CF cells stably expressing increased levels of TTP also exhibited stable IL-8 mRNA levels upon inhibition of proteasome activity. Moreover, synergistic inhibition of the proteasome and the MAPK signaling pathways successfully reduced IL-8 expression by destabilizing IL-8 mRNA. We therefore conclude that targeting IL-8 mRNA stability at multiple mechanistic steps, including MAPK signaling, proteasome function, and TTP activity, may become novel areas for developing candidate CF therapies.
